[1] The paper deals with an intriguing dense-water breakout episode in mid-August 2004 which has been observed in the bottom layers of the oil rig located in the middle of the northern Adriatic. Various data (temperature series and vertical T-S profiles, currents, meteorological measurements, and satellite images) have been analyzed in order to understand conditions which preceded, were active, and followed the breakout episode. A stationary bottom pool of dense water, generated during the previous winter, has been suspected to be a source of the dense water observed during the breakout, with a permanent position established by a stationary northern Adriatic cyclonic-anticyclonic gyre system. The breakout lasted for 3 days, advecting the bottom waters more than 2°C colder than residing waters at the oil rig site. The main result of modeling experiments concerns the generative force for the observed breakout which was found to be a mesoscale storm that occurred over the open north Adriatic on 8 August 2004. The storm has been reproduced by the Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS 1 ) atmospheric model which was then used to force the Princeton Ocean Model (POM) at the surface. Results of simulations reveal the capability of the storm to break the thermohaline fronts through the wind-induced baroclinic transport and downwelling at the exposed shorelines. This is the first study in the Adriatic which evaluates the impact of mesoscale summer storm to the sea, driving bottom layer circulation through the convergence/divergence dynamics in addition to the direct impact on the sea surface through the wind stress forcing. 
Introduction
[2] Although being quite small and shallow (up to 50 m), the most northern part of the Adriatic Sea (northwest from transect Pula-Rimini, Figure 1) is a place where a number of Adriatic-wide processes and dynamical features have their origin and generation forces . First, it is a place where the Adriatic rivers bring a majority of freshwater into the Adriatic, including the largest Po River (average of 1500 m 3 /s, about 35% of all Adriatic rivers, Raicich [1994] ). Apart from the direct influence to this shallow area, it drives the general surface cyclonic circulation of the whole Adriatic [e.g., Artegiani et al., 1997b] . It is also a place with a significant input of nutrients, sediments and other anthropogenic ingredients [Grilli et al., 2005] , having substantial impact on the eutrophication level and related phenomena (mucilage aggregates, anoxia; i.e., Degobbis et al. [1995] and Blažina et al. [2005] ), especially during the summer season.
[3] The wintertime cooling and couplings between the wind stress, heat loss, and river discharges [Beg Paklar et al., 2001 ] may result in the generation of the densest water masses in the Eastern Mediterranean-North Adriatic Dense Water (NADDW), which may be as dense as 1030 kg/m 3 following long-lasting, strong bora episodes during winter [Vilibić, 2003; Vilibić and Supić, 2005] . The NADDW water follows the western slope, filling large areas in the northern and middle Adriatic (including a deep Jabuka Pit) and renewing even bottom South Adriatic waters as deep as 1200 m [Manca et al., 2002; Orlić, 2001, 2002; Wang et al., 2006] . Finally, all components of sea level variations are the largest in the northern Adriatic, including tides [Janeković and Kuzmić, 2005] , storm surges [Orlić et al., 1994] and Adriatic seiches [Vilibić, 2006] , together causing flooding of coastal cities in the region (e.g., Venice).
[4] Hydrographic properties in the northern Adriatic are subject to large seasonal and interannual variations [Supić et al., 2004; Vilibić, 2006, Russo et al., 2005] due to different level of forcing (e.g., NADDW generation in cold winters versus its absence in mild winters, large rivers runoff versus dry conditions [Supić and Orlić, 1999] ). However, two types of circulation prevails: (1) cyclonic one during autumn and winter as a result of entering of the East Adriatic Coastal Current (EACC, [Orlić et al., 2006] ) along the Istrian shoreline [Franco and Michelato, 1992] and (2) semi-isolated one during spring/summer, when freshened Po river waters are dragged toward the eastern shore over the heated surface layer [Krajcar, 2003] . These waters drive a complex structure dominated with a cyclone north and an anticyclone south from the Po-Rovinj section [Brana and Krajcar, 1995; Supić et al., 2000; Lyons et al., 2007] and separating these waters from the saline open Adriatic. In such cases, the coldest bottom water can be found in open waters northeast to the Po river delta [Franco, 1972] .
[5] The wintertime dynamics (bora and NADDW generation) has been extensively studied using the data and numerical modeling throughout the last two decades by numerous investigators [e.g., Zore-Armanda and Gačić, 1987; Bergamasco et al., 1999; Beg Paklar et al., 2001 , 2005 Loglisci et al., 2004; Pullen et al., 2006 Pullen et al., , 2007 Dorman et al., 2007] , especially after the comprehensive experiments carried out in 2002/2003 [Jeffries and Lee, 2007; Kuzmić et al., 2006] . On the contrary, existing studies of the atmosphere-ocean interactions in the northern Adriatic in summertime have been mostly carried out in the frame of the various biogeochemical studies (e.g., mucilage aggregation [Supić et al., 2002; Cozzi et al., 2004; Grilli et al., 2005; Russo et al., 2005] ). The impact of an extreme atmospheric forcing (e.g., summertime bora outbreak) on the northern Adriatic has been studied only sparsely [Beg Paklar et al., 2008] . To our knowledge, the impact of mesoscale atmospheric storms on the Adriatic sea dynamics has not been studied. In the present study we undertake the first attempt in this direction by investigating the impact of a mesoscale storm of 8 August 2004 on the processes in this shallow part of the Adriatic basin.
[6] Thunderstorms in the Adriatic occur in summertime in relation to cold outbreaks over the Alps and across the northern Mediterranean coastlines [e.g., Romero et al., 2007] . It can sometimes result even in tornados [Bech et al., 2007] . In the Adriatic basin, severe weather research has concentrated more on the coastal and inland areas, due to damages caused by the storms [e.g., Manzato, 2007] . In recent years, related to the operational numerical weather prediction (NWP) activities at the Croatian weather service, a number of case studies of spring and summer storms over the region have been performed on the basis of the operational NWP model [e.g., Brzović and Strelec Mahović, Figure 1 . The northern Adriatic bathymetry together with the meteorological and oceanographic stations used. Current meters and thermistor chain were moored on station IA, while CTD vertical profiles were taken on stations 1 to 11, and IA. Dotted line stands for the western branch of the semipermanent anticyclonic gyre, dashed line for the position of the bottom density front, while the arrow shows the direction of the bottom breakout.
1999 ; Brzović, 1998 Brzović, /1999 Stiperski, 2005; Strelec-Mahović and Drvar, 2005] . These studies concentrated on the atmospheric processes and the response of the Adriatic Sea has not been considered.
[7] Selected episode in August 2004 was characterized by a dense-water breakout in the bottom layers of the oil rig located in the middle of the northern Adriatic (denoted IA in Figure 1 ). The observational evidence of the event composes the first part of the paper. These intriguing observations were stimuli for the atmospheric and oceanographic modeling of the event presented in the remainder of the paper in order to explain the origin of observed features. Since the temporal scales and inertness of the ocean processes are large compared to the atmosphere, an investigation of the preconditioning and aftermath ocean characteristics is presented, including the whole summer of 2004 and even accounting for processes that occurred in the previous winter. This analysis is presented in Section 3 using all available ocean and atmosphere in situ and remote sensing data. Before that, a portray of the instrumentation, data and numerical models is given in Section 2. Section 4 presents numerical modeling of the 8 August storm by using the atmosphere and ocean high-resolution models, the Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS
1
) and Princeton Ocean Model (POM) models. Discussion of the results is provided in Section 5 which also summarizes relevant conclusions.
Material and Methodology

Instruments and Data
[8] While measurements of various oceanographic parameters in the northern Adriatic have been carried out throughout 2004, our observational analysis will concentrate on the summer period, in particular the period between 8 July and 17 September. On these dates the current meter and thermistor chain were deployed and recovered, respectively, at the gas field station Ivana-A (hereafter IA, Figure 1 ). The CTD vertical profiles were taken by the Seabird SBE17 multiprobe (temperature accuracy ±0.004°C, salinity accuracy ±0.002). The current series were measured by Aanderaa RCM7 current meters at 3, 20 and 40 m, with temporal resolution of 20 min and the accuracy of ±1 cm/s in velocity and ±5°for the current direction. Temperature series measured at the bottom current meter have also been used in the analyses, and the accuracy of these data is ±0.1°C. Thermistor chain was composed of temperature sensors deployed at depths 1, 11, 16, 21, 26, 28.5, 31, 33.5, 36, 38 and 40 m collecting the data with the temporal resolution of 20 min and accuracy of ±0.03°C. The sensors on the chain did not function well at depths 11, 16 and 40 m and these series were not included in the analysis. Temperature series measured by the bottom current meter (located at 40 m) were used to substitute the malfunctioning sensor at 40 m depth. Intercalibration between the thermistor and current meter temperature series was done by the multiprobe, which was regularly calibrated by the manufacturer.
[9] In addition, temperature and salinity data were obtained at two sections, Po-Rovinj (section A in Figure 1 ) and Venezia-Poreč (section B), by using protected reversing thermometers (Richter and Wiese, Berlin, accuracy ±0.01°C) and high-precision laboratory salinometers (accuracy ±0.01).
Samples were collected at standard oceanographic depths during the cruises of 15 and 28 July, and on 11 August 2004. The calibration of these data was done regularly by the SBE911 CTD probe at least once per year at these transects; unfortunately, CTD data were not collected at sections A and B during July -August 2004.
[10] Apart from in situ data, two groups of remote sensing images are used in the study: (1) NOAA visible satellite images, processed by the Satellite Oceanography Group at the RuKer Bošković Institute in Zagreb, Croatia; and (2) Chlorophyll_a maps, derived from SeaWiFS satellite data and processed by the Satellite Oceanography Group from the Institute of Atmospheric Sciences and Climate (ISAC, Rome) of the National Research Council (CNR) of Italy.
[11] Furthermore, we found it useful to compute the airsea fluxes by using coastal meteorological and surface ocean data. Daily estimates of various components of the fluxes were used to quantify the strength of the heat and water exchanges at the sea surface. Detailed procedures used are given in Appendix A.
Models
[12] Numerical modeling is focused on the mesoscale storm that occurred on 8 August over the northern Adriatic and its impact on the ocean dynamics. We used the nonhydrostatic mesoscale meteorological model COAMPS 1 [Hodur, 1997] to reconstruct the atmospheric forcings and the POM [Blumberg and Mellor, 1987] to simulate the ocean response.
Atmospheric Model
[13] The applied COAMPS 1 model has been extensively used for studying the wintertime response of the Adriatic Sea to the bora forcing [Pullen et al., 2006 [Pullen et al., , 2007 . In our application, COAMPS 1 simulations were performed on the three nested domains with horizontal resolutions of 27, 9, and 3 km, with 51 Â 51, 70 Â 70 and 121 Â 121 grid points, respectively (Figure 2) . Lateral boundary conditions as well as initial conditions for the outer domain were produced by the four-dimensional variational assimilation system of the European Centre for Medium-range Weather Forecasts (ECMWF). These analyses were available on a horizontal grid T511 ($40 km) and on 60 vertical hybrid levels, the lowest one 10 m above the ground. Temporal frequency was 6 h. Operational verification of the ECMWF products carried out at the national weather service, including comparison against surface wind observations along the Croatian coast (not assimilated in the model), confirms the good quality of these analyses products, as well as the quality of corresponding short-range forecasts.
[14] Quality and relatively high resolution of the ECMWF boundary conditions allows us to choose a relatively small (in comparison with Pullen et al. [2006 Pullen et al. [ , 2007 ) outer domain. Sensitivity simulations, as well as other highresolution simulations of the bora flow using COAMPS coupled with the ECMWF model [Belušić et al., 2007] , confirm the validity of the chosen setup. The middle domain with 9-km resolution covers most of the Adriatic and surrounding orography of the Dinaric Alps and the Apennines. These orographic barriers extending along the eastern (Dinaric) and western (Apennines) coast of the Adriatic act as a channel for mesoscale storms and cyclones moving along the Adriatic to the southeast [Brzović, 1999] . The innermost domain with 3-km grid is centered over the area where the mesoscale storm took place, as seen in the satellite image (Figure 3 ). Opposite to winter storms which quickly propagate southeastward from the northern Adriatic and which are accompanied with bora spreading along the entire Croatian coast, summer storms forming over the northern Adriatic usually do not evolve over a longer (than a day) period and rarely extend to the southern Adriatic. As this was the case also on 8 August 2004, it was found sufficient to keep the inner domain relatively small. In addition, during the integration information from outer domains is passed into their nests at each time step. This one-way information exchange involves all prognostic variables. Because the resolution ratio between the consecutive nests is relatively modest (three), the size of the most inner nest does not need to be much larger than necessary to cover the area of interest. The vertical discretization of COAMPS 1 consisted of 48 levels extending up to 31 km. The integration time step was 75 s for the outer domain and the step was proportionally decreased as the horizontal resolution increased.
[15] Turbulent kinetic energy (TKE) is prognostic and it provides input to the Mellor-Yamada turbulence closure level 2.5. The diabatic part of the model includes explicit moist physics and radiation. The ground surface temperature and soil moisture are computed using a force-restore scheme taking into account different land classes with predefined albedo (for a snow-free surface). Land-use data was from the United States Geological Survey database at 1 km resolution and terrain height from the U.S. National 
Ocean Model
[16] The POM model is one of the most widely used oceanographic model and its applications range from small coastal areas to the whole oceanic basins. It is a threedimensional nonlinear model based on the primitive equations of motion, continuity equation, equations of the heat and salt conservation and equation of state [Mellor, 1991] . The system of model equations is closed with turbulence closure submodel including two equations for turbulent quantities: turbulent kinetic energy and turbulent macroscale which provide coefficients of vertical turbulent mixing [Mellor and Yamada, 1982] .
[17] In its application to the northern Adriatic basin, POM was applied with three simplifying approximations: hydrostatic, Boussinesq and f-plane approximation. The model grid has horizontal resolution of 2.5 km and it covers the northern Adriatic shelf area with 108x100 points. The boundary line is crossing the Adriatic off Zadar. In the vertical direction, 20 unequally spaced sigma layers were defined. The external time step was 25 s, while the internal time step was 750 s. Atmospheric forcing fields include the wind stress calculated from the COAMPS 1 wind field at 10 m height and heat fluxes obtained from COAMPS 1 temperature and humidity fields at 2 m above the sea. Hourly atmospheric fields were bilinearly interpolated onto the oceanographic model grid. The wind stress and heat fluxes were calculated during POM simulations using its instantaneous sea surface temperature and bulk approximations proposed by Large and Pond [1981] and Large [1996] . The river discharges along the Adriatic shelf coasts were introduced in the model using the parameterization of Kourafalou et al. [1996] . Discharges of the Po River were represented by their daily values measured in August 2004, while discharges for other rivers were scaled according to their climatological values for August [Raicich, 1994] . Po 
VILIBIĆ ET AL.: SUMMER BREAKOUT OF TRAPPED DENSE WATER
River was defined as a line source occupying twelve grid points which correspond to the location of its delta, while other rivers were introduced as point sources. The northern Adriatic river locations were the same as defined by Beg Paklar et al. [2001] . The radiation condition was applied at the open southeastern boundary. The initial temperature field was horizontally homogeneous with vertical structure following seasonal distribution obtained by Artegiani et al. [1997a] , while the initial salinity field was obtained from a 10-day numerical experiment with rivers as the only forcing. The velocity field was initialized as a state of rest.
Observations
Thermohaline Properties
[18] First we present the temperature time series during the summer campaign, obtained by the thermistor chain and bottom current meter (Figure 4 ). These data possess rather unusual characteristics; bottom temperatures decreases from early July toward mid August, a temporal behavior opposite to the northern Adriatic climatology [e.g., see Supić and Vilibić, 2006, Figure 3] . Further evidence that something unusual was happening is provided in Figure 5 , which shows the CTD measurements at the IA station. Namely, the sea bottom temperature below the station IA was exceptionally high (18°C) in early July, and somewhat decreasing afterward (16°C). Apart from a transient temperature drop, which occurred between 8 and 11 August and that will become a major topic of this study, bottom temperatures remained relatively high (16 -17°C) until mid- VILIBIĆ ET AL.: SUMMER BREAKOUT OF TRAPPED DENSE WATER September. At the intermediate levels (e.g., at 21 and 26 m), trends in temperature were slightly positive because of the surface heating and the vertical heat transport. However, the transient feature seen in the record around 10 August is spread across all measured levels except the surface, suggesting their horizontal advection rather than generation on the basin boundaries.
[19] Two hydrographic sections (A and B) have been surveyed in July and August 2004, and the data collected reveal interesting structure at the bottom, shown in Figure 6 . A cold core was observed in both sections, with the minimal temperature below 13°C near the bottom (30 m). At the same time, temperature at station IA at 40 m was above 17°C, clearly indicating the existence of a strong bottom thermohaline front situated somewhere across the section's 20 km length.
[20] Just after the mid-August transient event, on 11 August, a low temperature was measured along the A section (Figure 7 ). Although the core temperatures increased about 1°C, they are still below 14°C measured at the IA station on 10 August (Figure 4) . Therefore, one can suspect that these bottom waters, somehow trapped northwest from the IA station during the summer of 2004, were dragged to the southeast for a few days. This hypothesis will be supported by the current data discussed in the next subsection and reproduced by modeling.
[21] Additional information on the temporal properties and age of the bottom water masses can be obtained from the salinity cross sections. The salinity of the cold core is around 38.2 (Figures 6 and 7) , which is larger than near the bottom of the IA station (38.0, Figure 5) . Accordingly, the density at the core (28.9 kg/m 3 at 30 m) of the section A is significantly larger than at the bottom of IA (27.7 kg/m 3 at 40 m), placed ca 20 km to the southeast. Such situation and bottom thermohaline front seem to be a semipermanent feature, at least during the investigated period. However, a water mass with such low temperatures (<13°C in the core) may be generated solely during the wintertime (JanuaryFebruary) through the NADDW generation. In conclusion, the dense bottom water could have been trapped in the area for as long as 6 months.
[22] Besides the bottom, the haline front is noticeable also in the surface layers. Namely, surface salinity at the IA station on 5 July was around 37.7 (Figure 5 ), and almost constant up to 30 m. Ten days later at the Po-Rovinj section the whole surface layer was flooded with freshened waters, and the 37.7-isohaline is found between 10 and 20 m ( Figure 6 ). This fact suggest the existence of a surface haline front between the IA station and section A which is, contrary to the bottom front, generated by the dynamics of the Po river plume in the northern Adriatic. Further support to this conclusion will be provided by the satellite images.
Currents
[23] To isolate the processes of interest, in what follows we will examine filtered currents (by low-pass filter, cutoff at 30 h) which do not contain tides, seiches and inertial oscillations, these being significant in the northern Adriatic [Janeković and Kuzmić, 2005; Vilibić, 2006] . Figure 8 displays the NW and SW current time series during the interesting period (July-September 2004).
[24] First of all, one can notice a strong similarity (at 99% significance level) between the surface (3 m) and the intermediate (20 m) currents, both in the strength and direction. On the other hand, intensity of bottom currents is significantly lower. After the first week, when the surface and intermediate currents were directed mostly northward, the direction has changed toward the east and it remained eastward until 24 August with moderate velocities (15 -20 cm/s). Afterward, the currents weakened and changed to mostly northern directions. Bottom currents were relatively weak (up to 6 cm/s) and they generally were following the direction of the upper currents. Between mid-July and 24 August the bottom currents were almost negligible with exceptions of few short bursts with velocities around 10 cm/s, the first two directed NE (10 -12 and 30-31 July), and the third one directed SE (8 -10 August).
[25] Here we concentrate on the SE burst, as it brought cold waters out of the isolated northern Adriatic. When combined together, bottom currents and temperature time series show a phase lag of about 1 day between the current burst (8 August at 0800 UTC) and the temperature drop (maximal temperature gradient occurs on 9 August at 0800 UTC) (Figure 9 ). Assuming that the bottom front is perpendicular to the current burst i.e., that the front is semiparallel to the Po-Rovinj transect, one can estimate Figure 11 . Daily values of insolation (Q s ), longwave radiation (Q l ), latent (Q e ), sensible (Q c ), total heat flux (Q) and total water flux (P-E) at Pula (solid line) and Trieste (dashed line). Positive values of the parameters indicate that the sea is gaining heat or moisture. Vertical dashed line denotes the beginning of the breakout episode.
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VILIBIĆ ET AL.: SUMMER BREAKOUT OF TRAPPED DENSE WATER the position of the front before the burst. It is located about 9 km NW from the IA station; in addition, the burst lasted about 1.5 days after the arrival of the cold water, pushing it about 10 km to the southeast.
Meteorological Series and Coastal Air-Sea Fluxes
[26] On average, monthly values of most meteorological parameters (MP), sea surface temperature (SST) and surface fluxes (SF) classify the summer of 2004 as an average one, close to the 1966-1992 climate [Supić and Orlić, 1999] . However, exceptionally high air and sea temperature (above 98 percentile related to the 1961 -1990 interval, Meteorological and Hydrological Service of the Republic of Croatia [2005] ) were observed in July and August, and high above average water vapor pressure in August. On daily basis, changes of MP, SST and SF, with exception of the southeast wind component, were at Pula and Trieste very similar (Figures 10 and 11) . Episodes of strong wind were more frequent and much more intense in September than in July and August. A few strong bora episodes were recorded during this period and a strongest one occurred between 23 and 27 July. This long-lasting bora produced a water temperature decrease at the IA station (Figure 4 ) through the advection processes; however, this decrease was significantly smaller than one recorded on 8 August. The difference was due to rather low winds in the latter case. The northeast wind component was much stronger than the southeast component and its daily changes had the dominant influence on daily changes in scalar wind speed.
[27] Additional assessment of the atmospheric circulation around 8 August was performed by analyzing hourly wind data at a number of coastal stations along the Italian Adriatic coast. No significant winds occurred at Ancona, Ravenna and Trieste between 7 and 9 August (not shown); southern moderate winds (8 -10 m/s) were recorded only at Venice, but just during a few evening hours of 7 August.
[28] The respective surface fluxes in July and August were positive, except during several short episodes of heat loss, mostly induced by the bora wind (Figure 11 ). While overall descending trend in surface heat flux Q was related to a gradual decrease in insolation flux Q s , the day-to-day changes in Q were mostly related to daily changes in latent heat flux Q e and in NE component of wind speed. Being dry, bora also induced much stronger evaporation which, in addition to the wind effect, leading to the negative surface water flux during nonprecipitation days.
[29] Although daily values are quite useful for the detection and description of the air-sea interaction and induced processes in the sea [e.g., Vilibić et al., 2004] , the lack of significant atmospheric processes in the daily data in first 10 days of August poses a question about their usefulness for studying the cause for the bottom cold water leakage between 8 and 11 August. In summary, daily winds were quite low, whereas daily heat and water fluxes on these days were characterized by a low variability. One is thus lead to suspect that a process on a shorter timescale was responsible for the event. It has to be stressed here that existing meteorological stations are situated on the shoreline and unfortunately no in situ meteorological observations were available over the open sea.
Satellite Images
[30] In order to get insight into the circulation in the northern Adriatic, a few SeaWifs Chlorophyll_a images collected during July -September 2004 are being presented. It has been shown [Mauri and Poulain, 2001; Bignami et al., 2007] that Chlorophyll_a distribution may be considered in certain cases a proxy for sea surface currents in the area of northern Adriatic. Also, surface geostrophic circulation patterns in northeastern Adriatic derived by Lyons et al. [2007] were consistent with Chlorophyll_a distribution maps. Although images are representative for the very causing a downward transport of heat to the bottom layers, producing a large temperature near the bottom at IA station (16 -18°C). More important, this haline-driven circulation redirects the East Adriatic Currents from the eastern shore toward the middle and western regions, where they enter the gyre (it can be seen as low Chlorophyll_a vein dragged into the gyre). The final result is an intense transversal transport which enables the existence of both the surface and bottom thermohaline fronts and which isolates the northern Adriatic from the rest of the Adriatic basin.
[31] Figure 12 also suggests that the gyre became more pronounced after the bora episodes. This is in agreement with earlier findings that the bora provokes/intensifies a specific double-gyre circulation system, with cyclonic motions north and anticyclonic motions south to the Po river delta-Rovinj section [Kuzmić et al., 2006; Lyons et al., 2007; Jeffries and Lee, 2007] . The anticyclonic gyre observed in summer 2004 was especially large, extending in some occasions in the whole region between Ancona and the Po river delta. A similar large anticyclonic gyre was observed in May 2003 [Lyons et al., 2007] . On the contrary, the anticyclonic gyres appearing during January and February of 2003 [Kuzmić et al., 2007] were smaller and confined to the eastern part of the northern Adriatic open waters, at latitudes between Rovinj and Pula.
Numerical Simulation
Atmospheric Processes
[32] On the basis of the evidence provided by satellite images (Figure 3 ) and the analysis of oceanographic observations in the previous section, our hypothesis was that a process responsible for the transient event on 8 August occurred on the subdiurnal scale. The process in question was an intense convective system limited to the area of northern Adriatic. Results of the COAMPS 1 simulation supports such explanation for the observed phenomenon, as presented in what follows.
[33] Close to the IA station the model developed a convective system around 05 UTC on 8 August, and the system remained nearly stationary for the following 6 h. The air mass over the northern Adriatic at this time was characterized by high values of the equivalent potential temperature (q e ) in the lower troposphere (850 hPa), and the air mass was propagating toward the northeast across the northern Adriatic (Figure 13a ). The midtropospheric winds (500 hPa in Figure 13b ) slowly steered the system toward the southeast with a speed much smaller than the prevailing midtroposphere winds of 10 m/s. Related to this vertical wind shear, the air mass became unstable at its front edge, apparently due to a pronounced small-scale midtroposphere baroclinic feature (shown with a circle in Figure 13b) .
[34] The associated wind field is characterized by the strong divergence near the surface, as illustrated in Figure 14 . This divergent wind field structure remained nearly stationary for the next 6 h and it has presumably driven the oceanic response registered in the observations. As mentioned above, the divergent winds in the lower troposphere, important for the sea forcing, remained quasi stationary.
[35] Since no atmospheric observations are available at the position of the oil rig, verification of the COAMPS 1 outputs over the open Adriatic was limited to the available satellite images and observations from surrounding coastal areas.
[36] The observations from the coastal stations are regularly used in bora modeling studies for the model verification purpose. While this comparison serves well in cases of winter bora, it can hardly be useful in our summer storm situation with the storm limited to the open Adriatic and VILIBIĆ ET AL.: SUMMER BREAKOUT OF TRAPPED DENSE WATER being quasi-stationary during its short lifetime. Limited verification was carried out by comparing the vertical profiles of temperature and wind from two inner domains of the model against the radio-sounding stations in the larger area of the Adriatic. Among these stations, the only station situated in our innermost domain is Zadar (locations denoted in Figure 2 ). The measured vertical profiles are compared with those from the model closest grid pint in Figure 15 for 00 UTC on 8 August. While details of the vertical wind structure differ in the model and observations, there is an overall agreement in the vertical structure of both wind components. Above 6 km over Zadar the wind becomes stronger carrying the sonde further away and thus making the comparison less meaningful at this high model resolution. The measured dry and dew-point temperature profiles agree well with the model below 6 km. Above this height the model simulated too high values for the dewpoint temperature. The profiles at several radio-sounding stations within the middle domain (Zagreb, Udine, S. Pietro Capofime) show similar results (not shown). [37] Previously shown Figure 3 is the MODIS satellite image in the visible part of the spectrum taken around 10 UTC on 8 August. Figure 3 provides a qualitative verification of Figure 16 , which shows vertically integrated water content within the inner model domain in early morning hours on 8 August. The most interesting feature is the area of maximal values of precipitable water exceeding 45 mm which is located above and westward of the oil rig location. This comparison assures us that the model simulation of the convective system on 8 August was of sufficient quality to be used for forcing the oceanographic model.
Oceanic Response
[38] The numerical experiments with the POM model were forced by the wind stress and heat fluxes calculated from the COAMPS 1 surface fields, and by the buoyancy fluxes from rivers discharging along the Adriatic coasts. The simulation started on 7 August 2004, 00 UTC and lasted for 3 days.
[39] Generally, the pattern in the surface currents follows the one in the wind field, while the bottom currents are directed opposite to the surface fields. After 24 h of simulation surface currents are dominantly southwesterly along the eastern part of the domain and northeasterly in its western part, with a convergent pattern toward the northwestern corner of the basin. Then, on 8 August at 6 UTC, the storm started to impact the surface currents just around the oil rig (Figure 17a ). Over the next 2 -3 h the storm and associated downwind currents reached the Istrian coastline (between Pula and Poreč), revealing very strong divergence structure with the divergence point very close to the rig. After several hours (e.g., at 14 UTC and later) the surface current field turned anticyclonally under the influence of the Coriolis force, generating the anticyclonic eddy which weakened over the time.
[40] The currents near the bottom were directed oppositely (Figure 17b ), as the surface Ekman layer was limited by the strong seasonal pycnocline, which was strongest between 10 and 15 m. Particularly strong bottom currents were modeled around 10 UTC and directed southward and, what is more important, crossing the presumed bottom thermohaline front. Consequently, the dense water residing at the bottom of the northern Adriatic may be dragged toward southeast, as seen at the IV station (Figure 9 ). Later, on 8 and 9 August, the baroclinic currents are still dominating, although they have weakened.
[41] The obtained two-layer structure is not fully in agreement with the current measurements, especially in the surface layer (Figure 18a ) where modeled currents have direction opposite to that measured. The reason is most likely the lack of other processes on longer timescales which are important in the area and which are not captured by this process-oriented approach. Differences between the modeled and measured surface currents probably arise from unrealistic initial conditions for the current field. However, the prevailing flow in the water column at the IA location is in a fair agreement with modeled currents at lower levels. Furthermore, modeled surface currents agree well with the surface wind pattern implying that a wind-induced component is realistically predicted. In reality, this component is probably superimposed on the residual component with vertically reduced intensity. The consequence is that the agreement between the model and measurements is much better for the lower layers since the wind-induced component is less disturbed by residual currents during the studied event.
[42] In addition, the currents show a strong inertial signal, since we applied strong wind stress above the stratified sea which satisfies the condition for the inertial oscillation occurrence. The oscillations are much stronger than observed; most likely because of a stronger stratification imposed in numerical experiments as compared to real conditions present in the basin. Although to identify exact cause is beyond the scope of present paper, an additional experiment was carried out using vertically homogeneous sea instead of stratified. In this case the inertial signal was absent (Figure 18b) . Instead, the S-SE currents at the bottom of the oil rig caused by the storm are now clearly depicted.
[43] The outreach of the storm to the eastern shore (between Pula and Rovinj) can be also verified by the Rovinj tide gauge data (Figure 19) . A sharp peak in sea level series occurred around 7-8 UTC, just at the time when the storm front (strong horizontal gradients) in surface currents was supposed to reach the coast (Figure 17a) . However, the model did not reproduce the peak, although it replicated the following oscillations fairly well. The peak is possibly generated through the barotropic resonant coupling of the traveling storm with the ocean, known as Proudman resonance [Proudman, 1929; Monserrat et al., 2006; Vilibić, 2008] . As the major generator of such waves is a traveling air pressure disturbance and not a wind, our ocean simulation could not reproduce it, but this comparison is nevertheless an additional indicator of the storm intensity and outreach.
Discussion and Conclusions
[44] This study was stimulated by the interesting bottom temperature measurements of a dense-water breakout episode in the northern Adriatic in August 2004. This single-point measurement triggered extensive observational and modeling investigations of the thermohaline characteristics, circulation and meteorological conditions in order to identify the reasons for this breakout, as well as the ocean conditions which preceded, were active and followed the 3-day event. Our analysis of observations and numerical simulations shows that the reason for bottom dense-water current was not of thermohaline origin or synoptic-scale forcing as expected on the basis of previous studies, but it most likely resulted from the wind stress induced by the mesoscale storm over the open northern Adriatic which lasted not more than 12 h.
[45] This is a new result for the Adriatic which underlines the importance of mesoscale atmospheric cells and storms not only for the surface layer (as expected through the direct wind forcing), but also for the bottom layer dynamics i.e., below the pycnocline. Furthermore, the bottom currents induced by the storm presumably increased the sediment transport, increased the horizontal and vertical mixing and changed the chemical parameters (e.g., bottom dissolved oxygen, which may be critically low after mucilage events in June/July and bottom oxygen consumption later on, Cozzi et al. [2004] ). All of these presumptions should be investigated in the future, in order to quantify their strength and importance in driving the biogeochemical cycle in the northern Adriatic.
[46] The combined CTD and thermistor chain measurements located on both sides of the bottom density front allowed the estimation of its proper position, underlying its correspondence to the wintertime processes which are responsible for the production of dense water. Namely, we believe that these water masses are located northwest from the IA station, since that area is known as the major NADDW generation area [Vilibić, 2003] . This water has been cut off sometimes during spring, when the change in circulation regimes in the northern Adriatic usually occurs [Artegiani et al., 1997b; Poulain et al., 2001] . Nevertheless, neither present northern Adriatic climatology [Artegiani et al., 1997a; Galos, 2000] nor available archived model results (e.g., Adriatic Regional Model (AREG), ) capture the presence of the bottom dense-water pool, although some signs of the increased density are found in autumn [e.g., Artegiani et al., 1997b, Figure 5 ]. More recently, the indications of the cold water at some stations along the A transect have been found in spring and summer, Figure 7] ). We hope that these discrepancies will stimulate a new climatology of the northern Adriatic which is necessary for the better assessment of the processes occurring there.
[47] Another relevant and challenging issue was the proper reproduction of the mesoscale storm above the open Adriatic, which is not covered by in situ measurements. As the surface winds were assumed to be a dominant factor driving the bottom Adriatic dynamics, significant failure in their reproduction would lead to the incorrect estimation of the bottom currents and the associated breakout episode. Our simulations succeeded in reproducing the measured bottom currents fairly well which provides additional verification of the atmosphere modeling. An interesting feature of the storm is a long-lasting (for about 6 h) quasi-stationary divergence field, with the center located just above the oil rig; this persistence might be the reason for the uniqueness of this storm in the summer of 2004 and is the highly likely cause of the consecutive breakout episode. The stormgenerated winds forced a strong baroclinic flow (the downwind currents in the upper and the countercurrent in the bottom layer), due to the very strong seasonal pycnocline and reduced surface Ekman layer, with rather strong transport crossing both the surface and the bottom thermohaline fronts. Consequently, the fronts became distorted and the bottom pool of dense water was dragged toward the southsoutheast. In addition to that, an outreach of the storm toward the eastern shoreline, in particular between Pula and Poreč, resulted in a short-lasting coastal downwelling, which additionally strengthened the bottom countercurrent and related cross-frontal transport. This process is known to affect the very deep layers and to modify even the nearbottom dense-water flows [Ulses et al., 2008] . 0 E; Ts (IV)] near Rovinj were computed using data collected 3 times a day (6, 13 and 20 h UTC) while daily values at Trieste [Ts (ML)] were taken to be equal to a single daily measurements (9 h UTC). Daily values of air pressure for Rovinj and Pula were taken to be equal to the ones measured at Pula airport (44°52 0 N, 13°55 0 E). Monthly means of SST of Rovinj [Ts (RV)] were computed on the basis of formula Ts (RV) = 1.09 * Ts (IV) -0.6, derived from monthly means of simultaneous measurements of SST at Rovinj and Sv. Ivan in intervals 1984 -1986 and 1988 -1992 [49] Monthly values of surface heat (Q; taken as the sum of insolation Q s , longwave radiation Q l , latent Q e and sensible heat Q c fluxes) and water flux (W; difference between precipitation P and evaporation E) at Trieste, Rovinj and Mali Lošinj were computed from monthly values and then averaged, following the procedure described by Supić and Orlić [1999] . In that paper, Q s was computed after the formula proposed by Reed [1977] and adapted for use in the Mediterranean area by Gilman and Garrett [1994] . For computation of Q l , Q e and Q, three different sets of formulae previously utilized in the Mediterranean were applied: the sets proposed by Gill [1982] , by Bunker et al. [1982] , and by Gilman and Garrett [1994] . A simpler method, described in more detail by Lyons et al. [2007] , with Q s computed after Reed [1977] and Gilman and Garrett [1994] , and Q l , Q e and Q, computed after Gill [1982] , was used to compute daily means of SE at Trieste and Pula.
